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Internet of Things in Sport Training: Application of
a Rowing Propulsion Monitoring System

Rémy Castro, Gabriel Mujica, Member, IEEE, and Jorge Portilla, Senior Member, IEEE

Abstract—The application of electronics, communication and
telemetry technologies in the field of sport training is a major
trend today, specially with the explosion of the Internet of
Things paradigm. In particular, the rowing sport is one of the
disciplines that could benefit from efficient, easy to integrate and
low cost IoT technologies to help analysing and optimizing the
performance of the rowers. However, traditionally monitoring
tools in rowing are expensive and very limited. In this work a
rowing propulsion monitoring system for on-board analysis of
rower’s key parameters is proposed, based on the development
of a low-cost IoT device that combines sensing, global positioning,
wireless communication and data fusion for runtime information
processing and monitoring on the boat. A power calculation
model during the stroke is also proposed in order to estimate
the energetic efficiency of the strokes in relation with the boat
velocity. An acceleration sensor on the oar is used to decompose
the movement; a torsion sensor to calculate the rower’s strength
and energetic values; and navigation data for speed and distance
values of the boat. A comprehensive comparative experimentation
in a real rowing training scenario is performed, applying the
proposed system and considering various rowers. Results show
that the device provides a good vision in time of the movement
and also very valuable technical information that can be used by
rowers and trainers to define specific optimization profiles and
improvement targets.

Index Terms—Sport training, Internet of Things, wireless
sensor networks, rowing, edge nodes.

I. INTRODUCTION

The use of electronics, communication and computing
technologies within sport applications and, in particular, to
contribute to the monitoring and optimization of training in
specific disciplines of sports is an increasingly important trend
today. The applied technology is to be certainly combined with
the expertise of athletes, to provide a more complete feedback
based on both the obtained data from the training sessions
and the experience of the subject under study. In addition
to this, if the sport relies on the use of specific equipment,
the implementation of technological systems to monitor and
study the relationship between the athlete technique and the
equipment behavior is a major concern to be analyzed.

One of the disciplines in which monitoring and analysing
the performance of the athlete and its relationship with the
involved technical equipment attracts significant attention is
the rowing sport, where several elements are employed to carry
out the sport, namely the shell with its foot stretcher, seat,
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oarlock and rigger, and the oars. Studying rowing techniques
usually requires the study of various physic phenomena,
and the rowing movement description can be complex. The
literature about rowing is extensive and most of the existing
works mainly focus on mechanics, bio mechanics, and fluid
mechanics.

Optimizing the propulsion of a rowing boat usually takes
place based on the experience of training with the help of
advanced trainers. A rower obtains expertise with practice,
during years of regular training. Moreover, specific technique
improvements in a boat are noticed through the measurement
of the rower (based on several available ways of static and
dynamic analysis). However, the ultimate objective is to reach
the highest possible speeds, which is a measurable parameter.
In this way, there are works in the literature in which the
authors define objectives functions in order to qualify the
efficiency of the movement. In [1], the authors define the
“Quality of the stroke” aiming to compare rower profiles with
technical levels so as to give a tool for helping in improving the
rowing technique. According to [2], there is nowadays a strong
demand and curiosity from the athletes and the trainers for new
technologies and, in particular, for IoT (Internet of Things)
technologies [3, 4] in sport. They demonstrate that fine-grained
monitoring in sport by using IoT tends to positively impact the
technique of the athletes.

The rowing monitoring tools for rowing training exist but they
are usually partial and intended to be for commercial purposes,
or very complex and expensive for the experimental ones. As
far as the authors know, there are no well-established com-
mercial tools in the field that allow measuring at runtime and
in a direct on-water way the power or the strength gave by the
rower. Therefore, the main objective of this work is to design
and implement an on-board propulsion monitoring system to
provide the rower with useful parameters and improvement
objectives in order to optimize his/her technique of rowing,
by using IoT technologies. The main target is to develop a
low-cost yet precise device to measure key parameters of the
rowing training during the real-time session, that is, dynamic
parameters at runtime, so that power and strength can be
computed to further optimize the rower technique.

The design and implementation of the low-cost monitoring
device for rowing movement is conceived such that it can
be adjusted to different oars and rowing boats, that is, as
less intrusive as possible. Based on the capabilities of the
device, the aim is to obtain the speed, distance, and time
measurements in real time and combined them with the
information provided by the rower and the training conditions.
Moreover, the frequency, strength and a power of the rowing
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actions can be calculated so as to estimate and compare the
rower efficiency with an improvement objective. The specific
objectives and contributions of this work can be summarized
as follows:

e Design and implementation of an on-board rowing
propulsion monitoring system based on a low-cost IoT
device, to measure and process precise information of
oar movement from the basis of accelerometer, global
positioning information and processed data calculation.
The device architecture includes wireless communication
to connect to a smartphone, so as to provide runtime
information to the rower through a real-time monitoring
application.

o Analysis and mathematical calculation of the rowing
parameters and the proposal of a simplified model to
estimate the power of the propulsion, based on the
measurements provided by the proposed system, so as
to further estimate and compare the outcomes with opti-
mization objectives.

e Design and performance of a comprehensive set of
comparative experiments with different rowers and in
actual conditions using the implemented system, in order
to identify different athlete profiles with the help of
the developed device. The characterization of a real
load cell has been carried out in order to measure the
strength given by the rower as a key parameter for
the performance analysis of the athletes’ outcomes. The
experimental results are supported by the application of
automatic strategies to further compare the performance
and similarities among the rowers.

The rest of the article is organized as follows: Section II
presents the main trends and works in the state of the tart re-
lated to the application of IoT for sport training and particular
solutions for the rowing sport. Section III is devoted to detail
the power calculation analysis and the mathematical aspects to
obtain the strength values associated to the rower movement,
including a detailed description of the different phases of
the rowing propulsion technique. Then, Section IV introduces
the overall architecture of the proposed rowing propulsion
monitoring system and the description of the specific hard-
ware elements integrated in its design and implementation. In
Section V, a complete set of experimental tests with several
rowers in real training conditions is presented, and the analysis
of the main experimental outcomes are provided based on the
data obtained by the proposed system, while in section VI
a discussion regarding the experimental results is proposed.
Then, section VII explores the application of automatic tech-
niques to further exploit the comparative analysis of the data
provided by the IoT system. Finally, conclusions and future
work are highlighted in Section VIIL

II. RELATED WORK

The IoT technologies open up a broaden field for profes-
sional sport development to increase the physical performance
and the optimization/refinement of the techniques [5, 6], as
well as in recreational sport to introduce “gamification” or
teaching [7]. Usually, within each sport discipline there are

specific training equipment to help athletes to improve their
techniques and performance. Particularly, in rowing sport there
is a common type of static training machine: The ergometer, as
shown in [8] or [9, 10]. This tool reproduces water resistance
and rowing movement but on the ground, that is, in static
conditions. There is no notion of balance or support of the
blade, unlike in real water conditions. Nevertheless, it allows
acquiring many parameters for the training, such as speed,
distance, energy, power and frequency, which are interesting
values for a rower.

In rowing, the technique is a crucial point [11] to reach the best
performance. Not only frequency and strength have a role in
the quality of the propulsion [12], but there are many technical
aspects such as the support of the blade in water, movement
of the rowers, quality of the catch through complex physic
phenomena [13, 14], material behavior [15] or biomechanical
behavior of the rower’s body [16, 17].

Rowing is a highly spread sport among university students,
and is also a very technical discipline using specific materials.
For these reasons, there is an important amount of scientific
publications related to this activity. Some physic measurement
values have been a key point for athletes in their technique im-
provement. With the development of electronics and sensors,
indoor rowing systems started to be equipped with them for
data gathering. Since the development and popularization of
IT, finer analysis of the rowing movement have been studied
and tested, in order to see what was certainly impossible to see
in the past. With the miniaturization of the electronic devices
and the low price of the sensors, including accelerometers, on-
water measurement systems are more and more investigated
aiming to study the rower in real conditions of sport training.
In [18], a rowing tank is equipped with a strain gauge and
a potentiometer. The software part worked on a personal
computer and it would be impossible to use this device on
water. In [19] the authors present a device able to measure
the angular movement and the strength of the oar in the
water. It is based on modifying an oarlock which includes
a set of strain gauges. The measurements are transmitted
to a cellphone or a PC through Bluetooth communication.
However, the development of a modified oarlock supposes
a strong investment in time and money. In [20], there is a
complete study in which a rowing boat is equipped of various
sensors to collect the maximum amount of data. The collected
data are, for example, the sliding seat movements (measured
with a linear potentiometer), the strength given by the athlete,
and the weight of the rower on the seat. The riggers have
sensors which measure the strength transmitted to water, and
the oarlocks have potentiometers in order to measure the
angular movement of the oars. In [21], There are acceleration
and speed measurements through a device located in the boat
shell which transfers the data by a WLAN communication
with a computer.

In [22] a three axis accelerometer is implemented on the oar
tube with a microcontroller and a Bluetooth module. The main
objective is to analyze the synchronization of the movements
among the crew, but it also gives a time measurement of the
stroke through the accelerometer. The study in [23] is one of
the few that focuses on a low-cost device but it only presents
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a GPS monitoring. The proposed system aims to have a speed
and acceleration reading based on global positioning.
According to the literature, most of the studies aimed to
monitor the rowing movement to improve it. However, few are
doing it using low-cost highly reusable IoT technologies with
the notion of reduced intrusiveness. Among the ones which
propose to measure strength and power, most of them are
very intrusive or need specific materials [24], so it implies
important modifications of the rowing material. This study
proposes a new perspective: The developed device must be
low-cost, precise, must be able to measure the strength and
give access to the power of the rower, and provide on-board
real-time information of the data during the on-water rowing
training. The device must also be easy to install in any oar or
boat and easy to uninstall without any damage of the rowing
material, thus maximizing its reusability and adaptability.

In [25] authors propose a very interesting rigid segment
combined with quaternion modelling of human body. The
work is more intended to provide a biomechanical modeling.
However, the sport of rowing presents some differences with
kayaking. In fact, the oars in rowing are in motion on
the oarlocks and therefore have fewer degrees of freedom.
Although monitoring the whole-body movement of rowers is
of undeniable interest, in rowing, the differences between two
particular strokes and the possibility of a false stance may
not be as critical as in kayaking. Instead, the present work
is focused on monitoring the rower’s movement as an input
to the boat + water system dynamics, and therefore it does
not target a fine-grained reconstitution of the athlete’s body
movement. Consequently, the proposed system uses fewer
sensors and with significantly lower costs and simplicity of
deployment/start-up overall. The measuring and processing
system are on board, and it is compact since it is combined
with the use of a smartphone, hence simplifying the system
implementation and on-site configuration. Furthermore, in [25]
the force measurements are not contemplated as in case of the
proposed work, where this magnitude is combined with the
GPS data provided by the smartphone to feed the runtime
analysis with speed and distance values. From the practical
application and installation point of view, while wearable
devices may be more intrusive to the athlete and may generate
certain discomfort (they should be tied to the body), the
proposed prototype is implemented on the oar, so it may
belong the training material. The advantage is that it can
remain on the material between two training sessions or
between two different users, so reusability and replicability of
the experiments can be performed in a simpler fashion, unlike
in the work proposed in [26] where a set of inertial sensors
tied to the body are used to model the athlete’s movement.

Based on this analysis, while some approaches target a
biomechanical analysis of the body movement, the proposed
work focuses on immediate and basic values such as speed,
distance, strength, power for a runtime self-analysis and a
deduction on the relationship between technique (and body
movement) and performance (physical values), parameters that
can be accessed by the rower during the training session.

Therefore, based on the comparison of the present work
with previous existing techniques on water, the intention is

Fig. 1: Olympic rowing boat and its oars, and oarlock.

not to provide full body tracking as in other works [27]. In
this work, the objective is to measure the input given by
the athlete in the oar (speed of execution, strength, power)
through the device implemented on it, and the response of
the system boat + athlete on the water (speed, distance) via
the smartphone in the shell. In this way, the athletes can
measure with physical magnitudes their action on the oar and
compare it with their result (shell speed). They can improve
their stroke through readable parameters with the device, for
example: force, rhythm, recovery time, ratio of the recovery
time compared to the propulsion time, speed of recovery,
catch, and release. In addition, our device implements in
water a force measurement through a cheap and easy-to-
implement way. There is no material modification as in [24]
(oar adaptation) or in [19] (oarlock adaptation). From the
integration, installation, start-up and on-site usage point of
view, the proposed method is comparatively easier to imple-
ment, including the manufacturing of the device, and simpler
to install and set up. It is also cheaper in terms of sensors
(cheaper and a reduced number of units needed) and takes
advantage of the smartphone as compilation and processing
unit but also as GPS sensor.

III. ROWING POWER CALCULATION ANALYSIS

In this section the rowing physic dynamics and the different
phases during the technical movement are described, so as to
provide a detailed rowing power calculation.

The transmission of rower’s strength is allowed by the oar
(Figure 1) which acts as a class 2 lever (Fig. 2).

The fulcrum of this lever is the water, the load is the boat
and the effort acts on the handle. In the boat referential, the
lever rotates around the oarlock’s axis. Knowing the rotation
speed of the lever and the moment of the strength, we can
get the power applied by the rower. Table I depicts the
notation used for the power calculation analysis proposed in
this section, as well as the description of the parameters used
for it. Moreover, in Fig. 3 the representation of the reference
frames for the analysis is also shown.

Fulcrum (water) w

............ effort (rower)

oarlock: F
load (boat)

Fig. 2: Oar as a lever.
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TABLE I: Used Notations.

Notation Description
‘2—? |r Vector @ derivative respect to the time in the reference frame R.
T Function x derivative respect to time.
Reference frame R, rotation vector in the reference frame R,.
Q Rn/Rm Its norm is the rotation angular speed of the reference frame R,
in the reference frame R, (radian per second). Its direction
is the rotation axis and its sense depends of the rotation sense using the right hand rule.
TAY The cross product of the two vectors & and .
l Distance between the oar pivot and the device.
0 Angle between the perpendicular to the shell axis and the main axis of the oar.
0 Derivative of the angle 8 respect to time.
%) Angle between the horizontal and the oar.
VUboat Speed of the boat in the earth reference frame.
Ro Terrestrial reference frame corresponding to the water or to the riverbank.
Ry Boat reference frame (the shell of the boat) in rectilinear translation within Rg.
R The reference frame of the oarlock in rotational movement within Ry.

z

Z, 7,
R, Terrestrial reference frame
corresponding to the riverbank

Yo

B Y1

Xo / : R, Reference frame of the oarlock
X

2 X Y, in rotational movement within R,
1

R, Schell of the boat reference frame
in rectilinear translation within R,

Fig. 3: Reference frames for the rowing power calculation
analysis.

The derivative of a vector in a reference frame in movement
(non-inertial reference frame) can be calculated with Bour’s
formula: the derivative of u of the reference frame R, in

movement in the reference frame R,, is:
du du L0 A
- - 7 i
dt dt |, Bn/Bom

Rm

In order to obtain the instantaneous power P(t) = v(¢).F(¢)
and integrate to reach the average power P(t) and the spent
energy, we will need F'(¢) which is the strength function
over time, and v(t) which is the speed as a function of
the time at the point of the application of the effort (oar’s
handle). During a typical rowing regatta, boats have very subtle
direction changes (rectilinear trajectory). For a limited number
of strokes (for example 10) the trajectory can be considered
as rectilinear.

The oar has a rotation movement around the oarlock axis in the
boat reference frame. Obtaining the rotation velocity of the oar
will allow us to calculate the power. For this rotation velocity
calculation, an accelerometer (located on the oar’s tube) is
used to provide runtime data for the power calculation. This
data is the acceleration of the oar in the terrestrial reference

frame (corresponding to the water or to the riverbank).
The following reference frames are defined:

e Ry, terrestrial reference frame corresponding to the water
or to the riverbank.

o Ri, the boat reference frame (the shell of the boat) in
rectilinear translation within Rj.

e R,, the reference frame of the oarlock. This reference
frame has a rotational movement within R;. In this
reference frame the oar is assumed as motionless during
the propulsive step of the stroke, which is the step studied
here. With this hypothesis, Ry also corresponds to the
reference frame of the oar.

All the studied movements occur in the same plane. This
plane is perpendicular to the oarlock axis and parallel to the
water surface (Fig. 4).

The following reference points are defined (see Fig. 5, 6
and 7):

e O, origin point located in Ry. it corresponds to the

departure point of the boat.

o A, point of the boat shell located in the principal axis of

the boat.

e B, point of the boat and the oarlock located in the oarlock

rotation axis.

e C, point of the oar located on the main axis of the oar

(this point is motionless in the oarlock reference frame).
e D, point of the oar where the accelerometer is located
(this point is motionless in the oarlock reference frame).

e F, point of the oar where the rower applies the effort
(i.e. the handle) (this point is motionless in the oarlock
reference frame).

The following basis are defined:

e (0, x0,y0, 20) of the reference frame Ry;

e (B,x1,y1,21) of the reference frame R;;

e (B,xa,yo,29) of the reference frame R.

All of these basis are orthonormal and right-handed oriented.
We calculate dg—tD| Ry» the point D’s speed in Ry (point
where the accelerometer is located). According to the segment
addition postulate, we have:
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OD =OA+ AB + B_D, then:

dOD|  dOA dAB dBD 0
dt o dt dt dt
Ro Ro Ro Ry
A is motionless in the boat, therefore:
dOA .
7 = Uboat-L0 )
Ro

With vy04: as the shell speed in Ry.
R is a non-inertial reference frame, we use the Bour’s formula

to obtain: 4B |
O obtain dt Reo
dAB dAB - .
| T a | 0w AD
Ro Rl
—d‘;‘tB R = 6 and QR;/RO = 6
1

Since R; does not have any rotation movement in Ry and AB
is invariable in R;, therefore:
dAB

dt

I
(=1

Rs being also non inertial:
dBD
dt

_ dBD

Tdt
Ro R1

+QR:/R0 A BD

with QR: /Ry = 0, since R; does not have any rotation
movement in R.
Then:
dBD
dt

_ dBD
o dt

Ry R1

we calculate now:
dBD

_ dBD
dt N

7 +QR;/R1/\B_D

Ry

R,

frontal view
MOVEMENT
PLANE
p—
top view
MOVEMENT
PLANE

Fig. 4: Movement plane.

5

dBD
@ |p,

of the oar and we consider that the oar is motionless in Ro

during the propulsive step of the stroke.

We know that € R; /R, = 6.75, because of the definition of the

rotation vector.

We can get the coordinate of the vector BD projecting in the

basis (B, 22,92, 22) (Fig. 8).

= 0 because B is a point of the oarlock, D a point

. +l.cosp
with BD = +l.sinp we can calculate the cross
product g, /g, AN BD:
0 +l.cos ¢
0 A +l1.sin
Ry 0 R —d
Therefore:
dBD -l 9 sin ¢
— = +1.0. cos ¢ 3)
dt
Ri g, 0

In order to use the relation in (3), we project vector:
—1.0.sinp
+1.0.cosp into the basis (B, z1,yl, z1):

Ro> 0

The projection entails to: 5 = cos .27 —sinf.y; and y3 =
sin 0.2 + cos 6y1, which allows writing:

dBD :
| = 1.0. cos p.(sin .27 + cos 0.47)
Ry
—1.0.sin.(cos 0.27 — sinb.y7)
dBD :
| = 1.0.(cos p.sin @ — sin p. cos 6).27
Ry

+ 1.6.(sin . sin 6 4 cos p. cos 0).41

Simplifying using cos(a—b) = cos a. sinb—sin a. cos b and
sin(a — b) = sina.sinb + cos a. cos b:
dBD : :
| = 1.0.cos(p — 0).21 +1.0.sin(p — 0).41
Ry

according to the expressions (1), (2) and (3) we obtain,
dOoD . L . ﬁ
| = 1.0.cos(p — 0).27 + 1.0.sin(p — 0).91 + Vboat-Y1
Ro

that is, projecting in Ry:

dOD . DN . -
| = 1.0. cos(p—0).(—yg)+1.0. sin(p—0).25+Vpoat - £0
Ry

Calculating the norm:

dOD
dt

R H — /.87 cos(p — )2 + (L. 5in(0 — 6) + vhoar)?
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© = 0 oar,perpendicular to the shell
\

6
|
release

Z4
Catch (6 maximum)
© minimum)

_- Rotation axis

xq>l<A |

(a) Schematic representation

of the boat with the oarlock
rotation axis.

X
% O °

y‘)
_

E/ © 2
boat movement

Fig. 5: Reference points in the studied system.

(b) Schematic representation
of the oar.

rotation movement around B

o)
2 %
rectilineal movement
(c) Complete schematic representation of the system
(oar+shell).
Oar's tube
center

Rotation axis

Fig. 7: Reference system representation.

solve this equation so that a runtime on-board calculation can
be performed, from the basis of knowing some extreme values:
Fig. 6: Detail of the reference points B and C.

a) Dimensions: Taking into account some extreme di-
(lO7))
dt R

and 10.

mensions that can actually reach a rower on a boat allows
delimiting the values within the model, as shown in Fig. 9

= \/12.6'24 cos(p — 0)2 +12.62.sin(p — 6)2 + 2.0.0.sin(p — 0).Vpoat + V2,

With these dimensions (see Table II) we can get the ¢ value,
using its sinus.
For any o we have: cos? o 4 sin? & = 1, consequently,

%L{ = \/l2.92.(cos(50 —0)2 +sin(p — 0)2) + 2.1.0. sin(p — 0).vpoar + Vot [ **7
dOD : -
= = \/12.92 +2.0.0.sin(p — 0).02, . + Vi .,

Ry
Using the square of the expression:

. 2

dOD

dt
Ry

=12.0%+2.16. sin(p — 0).Vpoar + ’Ugoat 4)

Where the unknown variables are 6 y 6.

z D
nn

This is a complex differential equation to resolve especially
in real time. Thus, we propose a very simplified model to

Fig. 8: BD projection in the basis (B, 2%, 73, 73 ), frontal and
top view.
Authorized |
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Fig. 9: Characteristic dimensions (front view).
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Fig. 10: Characteristic dimensions (top view).

TABLE II: Characteristic dimensions.

Name Value
L 0.88 m
l 0.33 m
© 20°

b) Maximum achievable angles: A rower will never
attack with an angle 6 higher than 6,,,, because they must
stretch their arm more than physically possible. Furthermore,
they will never release with an angle inferior to 6,,;, (their
body put a stop at the back). Therefore, we can conclude from
the previous values that the maximum possible angles are the
specified in Table III.

TABLE III: 6 extreme values.

Name | Value
Omin -40°

Authorized licensed

We can also conclude that sin(¢ — 6) varies between
sin(20 — 45) = —0.42 and sin(20 — 0) = +0.34 between
an attack with 6,,,, and 6 = 0, respectively.

Moreover, we can also say that on the second part of the stroke
between § = 0 and a release with 6,,;,, sin(¢ — ) varies
between sin(20 — 0) = +0.34 and sin(20 — (—40)) = +0.87.

¢) Proposed Model: Since we know that sin(¢ — 6) will
vary between known limits, we propose the following model:

o On the first part of the stroke —0.42 < sin(p — §) <

0.34 we will approximate sin(¢ — ) equal to its average
value between the extreme values, that is, —0.04 ~ 0.
Therefore, the expression (4) can be written as:

dOD
dt

12.0° + 00y — = )
Ry
Which is simpler to solve.
o On the second part of the stroke, 0.34 < sin(p — 0) <
0.87, we will approximate sin(p — ) equal to its average
value between the extreme values, that is, 0.60. Therefore,

the expression (4) can be written as:

dOD

12.92 +2~l-é~vboat X 0'60+U§oat - 7

=0 (6)
Ry

With the expressions (5) and (6), we can obtain the 0 value,
in radians per second. This value will allow calculating the
instantaneous power using F(t) (measured by the sensor) and
L, the interior lever of the oar. P(t) = 0(t)L.F(t).

Integrating P (), we will obtain the average power on a stroke:

- %./TP(t).dt

where T corresponds to the period of the stroke.

This simplified model is an approximation that is consistent
with the real behaviour of the rowing, as detailed in the
experimental result analysis.

Pstroke

IV. SYSTEM ARCHITECTURE

In Fig. 11 the overall architecture of the proposed IoT
system is depicted, with the integration of the main hardware
elements that set up the on-board rowing propulsion monitor-
ing system, as well as the Graphical User Interface (GUI) on
the on-board mobile device. It is composed of very low cost
components, including an accelerometer and a strength sensor
for on-board sensing, a Bluetooth module to provide wireless
communication between the on-board installed hardware plat-
form and the mobile device, and an embedded microcontroller-
based platform to serve as the core of the IoT system to
measure, process and transmit the monitoring data in real time,
as described in the following paragraphs. Table IV summarizes
the main characteristics of the selected hardware components
to be integrated with the embedded processing platform.

a) Accelerometer: Accelerometers have been evolved
since the first studies of rowing movement analysis, partic-
ularly with the MEMS technology. Targeting a very low cost
design and integration, the MMAS8451Q 3-axis accelerometer
[28] has been selected for the prototype.
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Fig. 11: Overall architecture of the proposed IoT system.

b) Strength sensor: In order to measure the strength
given by the rower, the oar’s tube deformation will be
measured. For that purpose, a load cell normally used for
weighting scale will be integrated. the load cell is a metal
parallelepiped equipped with two strain gauges mounted in
Wheatstone bridge. The advantage of choosing this component
is the use of low-cost strain gauges but without the issue of
sticking directly the gauge on the surface. Indeed, the load
cells have holes that are used with screw and clamping clips
for the installation (and it can be remove/replace easily). In
this way, any deformation of the oar’s tube will entails into a
load cell deformation.

To properly treat the input signal from the Wheatstone
bridge and supply power to the sensor, the HX711 module
from AVIA semiconductor is used [29], which is a very
common component used with this type of load cell.

Being a device normally used for weighting scale the
standard sampling rate is very low: each measurement is
performed every 2 seconds. This is too low for the rowing
movement, which lasts approximately 1 second. Nevertheless,
the HX711 allows increasing this sampling rate to 80 samples
per second, using the on-chip oscillator. This configuration is
the one used in this work to perform the on-board sensing.

¢) GPS and mobile devices: Seeking a low-cost design
of the prototype and taking advantage of the geopositioning
modules integrated in today’s mobile devices, the GPS location

data given by a smartphone will be used, which provides
good resolution, ease of use and allows reducing costs on
this point. Furthermore, the smartphone serves as the interface
between the user and the system, and also performs the data
fusion between the device data from the oar and the GPS
and timing data from the mobile device. In this way, the
processing power, calculation capabilities, storage memory
and wireless communication technologies of the smartphone
will be exploited in combination with a dedicated embedded
platform installed in the rowing boat, thus creating a complete
yet easy to integrate IoT on-board monitoring system. For this
purpose, an application for Android OS has been developed on
Android Studio SDK, so that any Android mobile device can be
used with this device. In this study a OnePlus 5 smartphone
has been used to carry out the experimental tests. Another
advantage of the mobile device is a higher capability of data
recording and storage, so that it can be further analysed. This
is useful for post-processing the rowing sessions by rowers
and trainers, and allows carrying out comparative studies to
improve particular points in the applied techniques.

d) Bluetooth communication: In order to establish a
connection from the oar-located embedded platform and the
mobile device, the Bluetooth standard has been selected as the
communication technology within the boat, so a local wireless
network is created to collect and exchange data between both
devices. As described in the following paragraph, the Arduino
platform has been chosen as the processing core for the on-
board sensing system, so the HC-05 Blouetooth hardware has
been used as the communication module. It is a low-cost
highly integrated module within the Arduino APIL.

e) Microcontroller and embedded platform: The strength
and acceleration sensors are located on the oar, which have
to communicate in a wireless way with the smartphone. For
this purpose, an Arduino Duemilanove platform [30] has
been selected as the core processing element to gather the
measurements coming from the sensors (handling their specific
interfaces, and considering the proper sampling frequency),
pre-process the data, and then sending it to the smartphone by
using the Bluetooth module (through the UART communica-
tion interface between the microcontroller and the Bluetooth
module). The ease of integration, simplicity and low-cost
feature of this platform makes it suitable to serve as the on-oar
data collector and sensing manager.

f) On-board smartphone application: The main objective
of the application running on the mobile device is to receive
the information from the embedded platform trough Bluetooth
communication, and then fuse these data with the GPS infor-
mation from the smartphone. so on one hand it can save the
fused data in a recording file for post-processing tasks, and
on the other hand represent the information in a GUI for the
rower, to follow the evolution and performance of the rowing
training in real time. In a second phase, the application will
have to produce and display metadata in real time based on
the comparison between performance parameters of the rower
with respect to an optimization objective. Moreover, the rower
will be able to set up several training profiles and configure
particular parameters to customize the analysis of a training
round.

2327-4662 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See htfcp://www.ieee0r§/§ublicationsﬁstandards/ ublications/rights/index.html for more information.
Authorized licensed use limited to: Univ Politecnica de Madrid. Downloaded on April 01,2022 at 08:

3:29 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JI0T.2022.3163181, IEEE Internet of

Things Journal

IEEE INTERNET OF THINGS JOURNAL, VOL. XX, NO. Y, YYYYYY 2022

TABLE IV: Specifications of the selected components.

Model Manufacturer | Measurement range/feature | Communication/interface
MMAS8451Q NXP +8g with dynamic selection 12C

TAL220 Sparkfun 3-200 kg or 30-2000 N Wheatstone bridge

HX711 Sparkfun Signal Amplifier Custom serial bus

HC-05 ITead Studio Serial Port Bluetooth UART

Interface between the communication
omodule-and-processing platform —

= . l

Sensors and interfaces to \
the processing platform }

Fig. 12: First prototype of the on-board propulsion monitoring
system.

Fig. 12 and 14 show the implementation result of the first
prototype for the on-board propulsion monitoring system, with
the integration of the hardware elements in a single hermetic
commercial box that has been adapted to include the electronic
and mechanical components. The total weight of the prototype
is 129 g.

V. EXPERIMENTATION AND RESULTS ANALYSIS
A. Characterization and first interpretation

The objective of these first experimental tests is to charac-
terize the rower movement with the maximal precision. The
prototype will be always installed in the same place of the oar
tube, and with the same orientation.

As represented in Fig. 13 the first sleeve clamp is placed
0.33 m after the rotation axis (between the handle and the
rotation axis). A point of reference has been marked on the
oar in order to place the prototype in the same way for all
experiments, as shown in Fig. 14.

———

0.33m

Fig. 13: Representation of the prototype reference distance on
the oar’s tube.

a) Static experimentation: In order to establish the re-
lation between the oar’s tube deformation and the rower’s
force, an elastic characterization of the oar has been realized.
The oar was leaning on the same supports than in the water:
fulcrum on the blade and load on the oarlock (see Fig. 15).
Different known weights from the handle have been used to
emulate a known force of the rower. Then, the deformation has
been measured obtaining its relationship with the strength, as
depicted in Fig. 16.

The correlation of the linear regression shows a good
result, with the trend line representing a pertinent linear
model. The points are distributed between the two sides of
the straight line. The elastic behaviour of the oar’s tube is
approved by the experience and strength = M
with ¢ = 41.08 and k = 7.70kg~*.

b) Characterization of the acceleration variations: From
the acceleration curves shown in Fig. 17 it can easily be
observed the blade preparation at the recovery’s end and the
blade’s rotation at the drive’s end. Indeed, spinning the oar’s
handle, the rower puts in vertical either the z axis (drive) or
the y axis (recovery). Thus, the accelerometer will measure
the g-force on the z axis (drive) or on the y axis (recovery).

Based on these observations, it is possible to interpret the
acceleration curves, as follows:

o During the recovery, the g-force is in the y axis direction.
Thus the acceleration value will be approximately -10
m.s~2 on the y axis.

o During the drive, the g-force is in the z axis direction.
Thus the acceleration value will be approximately -10
m.s~2 on the z axis.

o When the acceleration changes from an average value be-
tween 0 and 5 to -10 m.s~2 on the z axis, it corresponds
to the blade preparation before the catch.

o When the acceleration changes from -10 m.s~2 to an
average value between 0 and 5 m.s~2 on the z axis, it
corresponds to the blade rotation before the recovery.

With these curves the stroke frequency can also be obtained:
23 strokes per minute in the experimental characterization.
Thanks to the acceleration curves the catch and release limits
under the stroke cycle can be obtained. Integrating within
this interval provides access to the speed of movement of the
device and therefore of the oar on the stroke, and then the
corresponding movement.

c) Strength: When the blades are in a vertical position,
it corresponds to the drive to the catch or to the finish of
the stroke. When the blades are in an horizontal position, the
recorded strength signal corresponds to parasite movements
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Fig. 15: Representation of the parameters for the static exper-
iment.

or to a flexion of the oar under its own weight, which has no
interest here.

Regarding the oar’s tube deformation, the higher peaks
correspond to the drive phases. It can also be observed little
peaks during the recovery phases. These are probably due to an
elastic behaviour of the oar’s tube when the blade gets out the
water: the lever loses its fulcrum and the mechanic pressure
vanishes. The tube then goes back to its initial torsion state in
an impetuous movement causing this deformation peak.

By treating the torsion signal, the offset signal can be elimi-
nated and the torsion can be translated into a strength based on
the relation found during the static experimentation. Moreover,
the signal can be filtered when the blade is horizontal (no
propulsive phases).

Several features can be highlighted from the treated strength
signal (see Fig. 18). The propulsive phase has three distinct
steps: A negative strength peak, a higher positive peak, and a
third negative peak.

« First negative peak: demonstrates a good technique, the

rower introduces its blade in water before the beginning
of the drive (before applying strength). Once the blade is
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R?=0,9961
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Fig. 16: Deformation as a function of the weight.

10

in the water and before the propulsion, the water relative
movement due to the shell movement acts on the blade
and deforms the tube.

o The rise to the maximum strength corresponds to the mus-
cular action of the rower: the increasing part corresponds
to the stronger muscles action (legs), the decreasing part
corresponds to the weaker muscles (body and arms).

« Sometimes a little negative peak can be observed after the
main strength peak: It means that the rower finished the
drive (the mechanic pressure disappeared and the oar’s
tube goes back to its initial state in an impetuous way)
but has not put the blade in an horizontal position yet.

To sum up the movement and its characterisation through
strength and acceleration signals, Fig. 19 shows the links
between curves and the rower position.

d) Sampling frequency: The sensing parameters are mea-
sured with a sampling frequency of 11.5 Hz. This value is very
higher with respect to the rowing movement frequency. The
rowing movement has a frequency between 0.3 Hz and 0.8
Hz as maximum. In this way, a pertinent sampling rate can be
assured, avoiding information loss.

B. Comparative experimentation

The IoT rowing propulsion system prototype has been

tested on board through a set of rowing training sessions
in a real scenario, where 6 different rowers take part on
the experiments. Table V presents the main characteristics of
the rowers, and the prototype allowed analysing each rowing
profile in detail. Each rower has been requested to perform
a short route (see Fig. 20) using a single scull (one rower
boat). The boat and the oars are the same for all rowers. The
experiments took place one after the other at same moment
of the day with a constant temperature. Prior to the rowing
sessions the device is tested on place to analyze the behavior
of the sensing measurements so that possible noise influence
can be realized from the actual dynamics of the rowing. This
allowed performing on-site hardware and software calibration
tasks.
The rowers have all begun the route from the same point, and
there is a part of the route to warm up and get familiar with
the device. Then, on the last 150 m the data were registered.
This is the analysed part in the comparative results. It is
also interesting to highlight that some gust of wind until 20
km.h~! may have slowed a bit the rowers. In Fig. 21 a photo
of one of the rower in the real training scenario is presented,
with the single scull used for the experimental tests.

Based on the information provided by the IoT system,
the rowers’ training patterns and rowing profiles have been
extracted and interpreted, also taking into account the valuable
feedback and expertise provided by the rowers and the trainer.
Moreover, apart from the technological background of the
authors, one of the authors is also a federated athlete of
the rowing sport, with experience in regional and national
competitions, so his experience in the field is also used to
analyzing with deeper details and from a combined technical-
sport point of view the progress and results of the experiments.
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Fig. 17: Experimental acceleration curves.

TABLE V: Characteristics of the rowers for the experiments

Rower Characteristics

1 Junior with some years of experience, local competitions
70 kg, 1.75 m approximately

2 Junior with some years of experience, local competitions
60 kg, 1.80 m approximately

3 Junior with some years of experience, local competitions
70 kg, 1.80 m approximately

4 Senior with more than 5 years of experience, national
competitions 63 kg, 1.75 m

5 Senior with more than 5 years of experience, national
competitions 64 kg, 1.75 m

6 Veteran with more than 30 years of experience, national
competitions, 75 kg, 1.85 m

1) Rower I:

a) Accelerations comparison: Fig. 22 shows the results
of the acceleration for rower 1, highlighting the main features
in the movement. The propulsion seems to have 2 steps, the
rower lacks of progressiveness and continuity. During the
recovery, there are parasitic movements which demonstrate
chocks and friction of the blades on the water. It can be ex-
plained by a bad balance of the rower, which causes energetic
losses. Progressiveness refers to the rower’s ability to apply
his or her strength in the water. For an efficient propulsion,
the strength should increase during movement without jerking.
On the other hand, balance is the equilibrium of the boat and

—— y axis acceleration

—— 2 axis acceleration

— Strength

Release, blade still in
vertical position

~200

Blade in the water
before the propulsion

-400

time (s)

Fig. 18: Experimental strength curve.
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since the rowing boat shells are unstable, during the rowing
movement they tend to fall on one or the other size. The
athletes must ensure balance with they technique, their own
inertia, and their sense of balance.

20 2 steps propulsion
2 steps propulsion 2 steps propulsion

—— yaxis acceleration

0 H 10 15 20 25 30

Parasite peaks
3

—— 2z axis acceleration

0 5 10 15 20 25 30
time (s)

Fig. 22: Acceleration results for rower 1.

b) Strength curves comparison: Fig. 23 shows the per-
formance results regarding the strength measurement for rower
1. It can be highlighted that it corresponds to a strong rower.
Peak corresponding to a very prominent release: the rower
releases the water in an abrupt way (removing all mechanic
constraints) or he maintains his oars in the vertical position
during too long time in the air (causing friction with air and
a loss of efficiency).

A
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Fig. 19: Links between recorded signals and real movement.
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Fig. 24: Acceleration results for rower 2.

b) Strength curves comparison: As shown in Fig. 25, the
same particularity during release can be highlighted as in case

Fig. 20: Representation of the training route used for the of the rower 1. This rower applies less strength though.

experimental tests.

600 — Strength
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time (s)

Fig. 2}: Rower on the single shull in the real experimental Fig. 25: Strength results for rower 2.
scenario.
00 — swengen 3) Rower 3:

a) Accelerations comparison: Fig. 26 shows little "par-
asitic signal” pattern, with more intense peaks which corre-
sponds to more hasty movements from the rower.

—

-200

—— yaxis acceleration

progressive propulsion

g i A/
Prominent release peaks Prominent release peaks A
13 o
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time (s) -5
-10
e Hasty” movements,
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Fig. 23: Strength results for rower 1.

-400

35 40

2) Rower 2:

a) Accelerations comparison: Fig. 24 shows a very clea
curve during the drive and during the recovery as well, witl . o |
no “parasitic signal”. The rower 2 has a very progressive drivi
without irregular movements. During the recovery, there are Fig. 26: Acceleration results for rower 3.
very little parasitic peaks which demonstrate very little chocks
of the blades on the water and a good balance of the rower.

20
time (s)

b) Strength curves comparison: Rower 3 shows a
strength profile similar to rowers 1 and 2 (Fig. 27).

2327-4662 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See htfcp://www.ieee0r§/Eublications_standards/ ublications/rights/index.html for more information.
Authorized licensed use limited to: Univ Politecnica de Madrid. Downloaded on April 01,2022 at 08:13:29 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JI0T.2022.3163181, IEEE Internet of
Things Journal

IEEE INTERNET OF THINGS JOURNAL, VOL. XX, NO. Y, YYYYYY 2022 13

— Strength

15 progressive drive —  yaxis acceleration

m.s

10 20 25 30 35
lack of balaiice

2 axis acceleration

Prominent release peaks

[ 5 10 15 20 25 30 35
0 5 10 15 20 25 30 35 40 time (s)
time (s)

Fig. 27: Strength results for rower 3 Fig. 30: Acceleration results for rower 5.
4) Rower 4: b) Strength curves comparison: Similar observations as
a) Accelerations comparison: Based on the same reasons ~Towers 1,2,3 about the release but more control on some
and interpretations as before, the rower 4 shows a lack of strokes for rower 5 (Fig. 31).
progressiveness during the drive and a lack of balance duriny
the recovery (see Fig. 28.

— strength

—  yaxis acceleration

progressive drive 2 steps propulsion

-200
30 35 40 a5 50 55 60

—— 2z axis acceleration

-400 More control on some strokes

) H 10 15 20 25 30 35
time (s)

bk o balorce Fig. 31: Strength results for rower 5.

30 35 40 a5 50 55 60
time (s)

6) Rower 6:

a) Accelerations comparison: As shown in Fig. 32 the
rower 6 obtained the clearest signal pattern during the drive af-
ter rower 2, and a good balance during recovery. Nevertheless,
the drive is not accelerated as it should be.

Fig. 28: Acceleration results for rower 4.

b) Strength curves comparison: Results in Fig. 29 shows
a more technical and powerful rower (which corresponds to a
senior profile in comparison with a junior rower). The catch
peaks are less prominent than in the previous cases. Th
release has also less amplitude than the other rowers. Thi 20— aus oot I ko progresiencs
profile shows a more technical pattern, having more contrc 0
on its movements. ¢ o

— Strength 0 B 10 15 20 25 30 35 40

—— 7 axis acceleration

0 H 10 15 20 25 30 35 40
time ()

~200

Fig. 32: Acceleration results for rower 6.

Less amplitude for
the release peak

-400

b) Strength curves comparison: This rower shows a
strength pattern between rower 4 and the rest (Fig. 33). Some
strokes are controlled, other contains prominent catches and
release peaks. Overall it exhibits a strong rower (compatible
with his size and weight).

time (s)

Fig. 29: Strength results for rower 4.

5) Rower 5:
a) Accelerations comparison: Fig. 30 shows a very good
drive results for rower 5 (progressively accelerated), although
some lack of balance during the recovery.
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Fig. 33: Strength results for rower 6.

Based on the acceleration outcomes of the different rowers
thanks to the data provided by the on-board IoT system, Table
VI shows a qualitative summary of the comparative analysis,
in accordance with the vertical and horizontal movement of
the oars during rowing movement.

TABLE VI: Conclusions on the accelerations performance.

Rower Highlights and main conclusions
1 Discontinuous drive and lack of balance.
These observations are compatible with a junior rower profile.

2 Good balance and progressiveness during the drive.
Good level for an inexperienced rower.

3 Hasty movement. Good balance.

4 Lack of balance and peaks during the drive.

5 Good drive but lack of balance during recovery.

It could be explained by a lack of single scull practice

(boat more difficult in terms of balance).

6 Good balance, correct during propulsion despite a lack

of progressiveness.

Based on the strength curves of the different rowers thanks
to the data provided by the on-board IoT system, Table VI
shows a qualitative summary of the comparative analysis.

TABLE VII: Conclusions on strength performance.

Rower Highlights and main conclusions
1 Strong rower, abrupt release.
2 Similar to rower 1.
3 Comparable profile to rowers 1 and 2.
4 This rower seems to have more control
and more technical performance (in line with the experience).
5 Some strokes with more control.
6 Transitional control level between
rowers 4 and 5.

7) Summary of the technical interpretation of the rowers
and the comparison of power and speed curves:

a) Rower 1: The balance of this rower can be improved
and he needs more control in his movements, however he
reaches almost 13km.h~! with 22 strokes per minute (see Fig.
34). This rower has room for improvement but his energetic
efficiency is very good. All these observations are compatible
with a junior rower profile.
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Fig. 34: Speed and power results for rower 1.

b) Rower 2: Rower 2 corresponds to a more powerful
rower than rower 1, with a good balance during the recov-
ery. He has a progressive drive but he lacks control in his
movement of catch and release. As represented in Fig. 35 he
reaches lower speeds than the others but also rows with a lower
frequency (19 strokes per minute).

Time (s)

Fig. 35: Speed and power results for rower 2.

c¢) Rower 3: The technique in release and catch can
be improved (more control, softness). Powerful rower who
reaches 14km.h~! (the fastest) with 21 strokes per minute,
as shown in Fig. 36. This speed can be explained by his low
weight, for example.
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Fig. 36: Speed and power results for rower 3.

d) Rower 4: Technical and powerful rower, with a good
performance in terms of speed stability (Fig. 37), although
his balance during the recovery penalizes him with friction on
the water. Furthermore, his drive shall be more continuous
and progressive (accelerated movement). He rowed with a
frequency of 24 strokes per minute.
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Fig. 37: Speed and power results for rower 4.

e) Rower 5: Rower 5 (Fig. 38) presents a good technical
compromise between control on catch and release, and pro-
gressiveness of the drive. His balance during the recovery can
be improved but he reaches one of the highest speed with a
lower power than the others rowers. It can be explained by his
low weight and the high frequency (27 strokes per minute).
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Fig. 38: Speed and power results for rower 5.
f) Rower 6: This rower (Fig. 39) shows a good technical

compromise and one of the highest speeds with a lower
frequency of 23 strokes per minute.
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Fig. 39: Speed and power results for rower 6.

VI. DISCUSSION

The implemented system allows an identification of key
phases of rowing movement with a good precision and time,
and gives an enhanced view for rowers and trainers of the
intensity and the quality of the technique. This is performed
thanks to the detection of tendencies and the order of mag-
nitudes provided by the IoT device in terms of the studied
parameters, particularly regarding the relationship between
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them and the effective movement (speed) of the boat during
training. A direct reading of the speed, the strength, the
distance, the time and an estimated value of the power has
been obtained based on the proposed on-board [oT monitoring
system. The curves as a function of time allow analysing the
blades preparation, the blade rotation after release, the vertical
and horizontal movements of the blades during recovery and
drive. Those are key movements in the sculling technique,
which are fields to be improved by any rower.

The observations offered in the experimental analysis here
based on these 6 rowers are not absolute: the technique of
a rower depends on his or her physical and mental state
in the day of the experimentation, on the meteorological
conditions, on the material, etc. That can explain why the
most experimented rowers can have some downsides (lack of
progressiveness, for example). However, the general tendency
here is that the more experimented rowers the better the control
and efficiency, and they reach higher speeds. Indeed, the device
offers the possibility of analysing several key parameters on
the dynamics of the training, and they can be combined with
other parameters and the experience of the trainers so as
to refine the final interpretation and evaluation of the rower
performance in a training session.

Regarding the influence of the device on the rowing move-
ment, the 6 participants granted it does not affect the balance
of the boat. However, the weight might tend to make easier
the preparation of the blade before the catch. For that reason
the rower needed a little adaptation time to get used to the
device on board.

The power calculation and the speed measurement allow to
provide conclusions on the energetic efficiency of the rower,
and compare each other to find specific patterns. If a rower
reach a higher speed with a lower power, that means that he or
she has a better energetic efficiency, which can allow reflecting
and distinguishing a better technique.

The interpretations of the acceleration and strength curves
characteristics lean on an empirical analysis of rowing move-
ment. This empirical analysis may change based on the rower,
the trainer, the time, the country, etc. The quality and value
of the proposed device is to provide an objective readability
of the rowing movement. Judging if a point is good or bad
technique is a subjective action of the training and will depend
on the person who reads the data, as in [31]. Anyway, the
device provides data related to the real on-water training which
can be treated, interpreted and analysed in order to give an
technique improvement strategy. To exploit the analysis of the
data provided by the IoT system, next section explores the
automatic detection and comparison of the different rowers.

VII. DATA ANALYSIS BASED ON DTW

To further analyze and compare the performance of the
rower’s behavior, a Dynamic Time Warping (DTW) based
analysis of the rowing data has been applied, especially consid-
ering the acceleration and strength patterns of the rowers so as
to extract similarity and variation features in several scopes:
first comparing the outcome curves among the rowers in a
DTW cost matrix, and then focusing a comparative analysis
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of the deviations between specific rowers with respect to a
reference, which is in this case the one with better trade-
off between parasitic peaks, speed and balance. Secondly, the
comparison applying DTW has been performed considering
several rowing windows within a particular rower, which
allows analyzing the stability and homogeneity in the rowing
technique and their strokes, and how it can impact the result of
the propulsion. This also allows extracting conclusions related
to what type of improvements can be carried out by the rower
in the applied technique, so that the result of the propulsion
can be later enhanced.

The DTW is a technique widely used in speech recog-
nition and extended to other application domains [32, 33],
including anomaly detection in healthcare context, because
of its ability to quantify the differences between signals and
identify how the signals differ, even if the signals are not
timely synchronized. By detecting the minimum path cost
applying matching, insertion and deletion operations to obtain
the DTW matrix, a similarity result based on the alignment
cost allows quantifying how far or close are two rowing sets,
thus providing a magnitude to the performance of the rowing
or the window/stroke with respect to the reference. A G Matrix
of n x m dimension is computed by applying recursively the
expression (7) [34]:

G(i—1,j)

G(i—1,j-1) (N
G(i,4)

Where x and y are the signals to be compared, d is the
distance between them in points ¢ and j, ¢ = 1 ton, and y =
1 to m, thus the final position G(n,m).

Apart from the acceleration along the y-axis , which corre-
sponds to the axis of the accelerometer that is in the direction
of motion during propulsion, the force and a data of the
acceleration along the x axis have been also analyzed with
DTW. The x-axis is located along the main axis of the oar
and measures the acceleration due to the rotation of the oar
around the axis of the oarlock. Along this axis, tiny movements
of the oar along its axis can also be measured, indicating a
bad grip by the rower of the handle. The acceleration along the
z-axis is quite similar to the acceleration along the y-axis and
its study leads to similar results (same hierarchy of rowers) as
the acceleration along y.

G(i,j) = d(xi,y;) +min

N -

o

Acceleration m. s 2
Acceleration m.s 2
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Fig. 40: Acceleration along the x axis for the rowers 4 and 3.

Applied between two rowers, the DTW algorithm allows
judging in a quantified way how close two rowers are in
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their way of rowing. Applied to two signals, here representing
the acceleration of rowers 4 and 3 along the x axis, The
DTW algorithm provides the alignment cost, the normalized
alignment cost as well as the cost matrix. The Normalized
alignment Cost (0.2828 in this case) is the alignment cost
divided by the total number of values in the two data sets.
Figure 40 shows the x-axis acceleration of rowing 3 and 4
respectively, while the graphical representation of the resulted
cost matrix applying DTW is shown in Fig. 41.

It then becomes possible to automatically compare row-
ers with each other on the measured acceleration and force
quantities. Tables VIII, IX and X show the normalized align-
ment costs between each rower for x-axis acceleration, y-
axis acceleration and force. This allows comparing all rowers
two by two and detect similarities among them. For each
rower, the number of points is the same in each data set
(acceleration or force). According to the resulted tables, the
alignment costs are generally higher for force and lower for
accelerations. This means that the rowers are closer together in
their acceleration, i.e. in their movement, but apply their force
in a much more differentiated way. This is interesting because
unlike motion, the application of force is more difficult for an
outside observer or trainer to appreciate. This may explain the
significant differences between rowers on this data set, apart
from the fact that some have more strength than others. The
rowers have trained more finely on their movement than on
their application of strength.

TABLE VIII: DTW comparison for x-axis acceleration.

Rower 1 | Rower 2 | Rower 3 | Rower 4 | Rower 5 | Rower 6
Rower 1 0 1.0695 1.0329 1.0896 1.5589 1.6941
Rower 2 1.0695 0 0.828 1.3777 1.5624
Rower 3 1.0329 0.828 0 0.7981 1.254 1.6278
Rower 4 1.0896 0.7981 0 1.2989 1.7822
Rower 5 1.5589 1.3777 1.254 1.2989 0 2.63
Rower 6 1.6941 1.5624 1.6278 1.7822 2.63 0

TABLE IX: DTW comparison for y-axis acceleration.

Rower 1 | Rower 2 | Rower 3 | Rower 4 | Rower 5 | Rower 6
Rower 1 0 0.3164 0.3424 0.3569 0.4149 0.3573
Rower 2 0.3164 0 0.263 0.3292 0.3688
Rower 3 0.3424 0 0.2828 0.3641 0.3861
Rower 4 0.3569 0.263 0.2828 0 0.3471 0.4247
Rower 5 0.4149 0.3292 0.3641 0.3471 0 0.753
Rower 6 0.3573 0.3688 0.3861 0.4247 0.753 0

TABLE X: DTW comparison for strength.

Rower 1 Rower 2 | Rower 3 | Rower 4 | Rower 5 | Rower 6
Rower 1 0 18.1627 16.7617 | 22.6266 | 27.6510 | 31.81167
Rower 2 18.1627 0 16.9431 20.7359 | 28.9902 28.1093
Rower 3 16.7617 16.9431 0 23.3671 30.0282
Rower 4 | 22.6266 20.7359 0 31.7684 33.6585
Rower 5 27.6510 28.9902 | 23.3671 31.7684 0 48.9047
Rower 6 | 31.81167 | 28.1093 30.0282 33.6585 48.9047 0

The results of the DTW algorithm are consistent between
the different measured quantities. The two most different row-
ers are always the same (rowers 6 and 5) for the acceleration
along the x-axis, the acceleration along the y-axis or for the
force curves. The rowers who are closest in their rowing style
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Fig. 41: Normalized DTW cost matrix representation.

do not remain the same, however, if rowers 4 and 2 are closest
in terms of acceleration along the x-axis they remain close to
each other in terms of the other parameters. The same is true
for rowers 3 and 2, and 4 and 3, respectively, who are closer
in terms of acceleration along the y-axis and in terms of force.

In general, according to the alignment costs, rowers 1, 2 and
3 are quite close to each other, which is consistent with the
fact that they are 3 junior rowers. Rower 4 is senior but very
close to rowers 2 and 3 which is not disconcerting given that
these categories are close and that the difference in experience
between these rowers is not very high. Rower 6 tends to be
the most different of all, which corresponds to the fact that he
is the only one in the group in his category and with much
more experience.

Thanks to the previous analysis of the rowers, they can
be compared with a selected reference for each parameter:
for the acceleration (y-axis acceleration) Rower 6 was one of
the best. It has been found with the automated detection that
Rower 1 and 2 are the nearest which is consistent with our
previous observation (for rower 2). For strength, the results
are less direct. Here the algorithm gives rowers 2 and 3 as the
closest to 4. However, the proximity of these rowers may be
due to the shape of the peak as the proportion of increasing
strength/decreasing strength during the stroke. These criteria
are also of interest but more difficult to appreciate from a
qualitative point of view by the naked eye. The comparative
results of rowers against a model can be even automated below
a certain alignment cost (to be defined, for example 0.4 for the
acceleration along y-axis), so that it can be affirmed directly
that a rower satisfies the model or not for each parameter.

By means of the DTW algorithm the different strokes of the
same rower have been compared as shown in Fig. 42 (2 strokes
of one rower) and Fig. 43 (DTW cost matrix representation).
This comparison can be made iteratively between any stroke
and its previous one. A sequence of alignment costs has been
obtained for each data set. Table XI shows the average normal
alignment cost for each data set of each rower.

This last data processing is particularly interesting in the
perspective of on-board or post-training advice to give to
the rower as well as to target his strengths and weaknesses.
Rowers 2, 3, 4 and 6 should focus their efforts on a more
regular application of force while rowers 1 and 2 should
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TABLE XI: DTW average results of normalized alignment
costs of strokes for each rower.

Rower 6
0.4988
2.7932
68.244

Rower 5
0.4666
2.0336

18.286

Rower 4
0.4119
2.6799
59.391

Rower 3
0.4480
2.4902
63.576

Rower 2
0.3922
3.2203
53.890

Rower 1
0.5766
2.8244

15.383

x-axis acceleration
y-axis acceleration
Strength

have more regular movements. This analysis also allows a
further interpretation of the acceleration along the x axis,
which was more difficult to interpret before applying the auto-
detection strategy. The acceleration along the x-axis reflects
the movement of the oar along its main axis and should
also remain similar between the strokes. A good similarity
on y-axis acceleration with a lack of similarity on the x-axis
acceleration as for rower 4 means a bad catch of the oars with
the hand.

Table XI allows identifying the most consistent rowers not
in terms of rhythm but in terms of quality of repetition of the
same rowing stroke structure. These most consistent rowers are
rowers 2, 5 and 1 for x-acceleration, y-acceleration and force
respectively. These results are consistent with the final results
on power and speed obtained by the rowers. The rowers 1, 2
and 5 reach the best speeds sometimes with the best energy
efficiency which is the ultimate guarantee of a quality tech-
nique. This result supports the use of the DTW algorithm in the
analysis of the results; because it provides more consistence
with the findings on the final performance beyond possible
prejudices induced by the rowing culture that the observer
might have, thus enriching the overall auto-detection plus
experience based analysis. As said previously, the technique of
the rowers depend on their physical and mental state in the day
of the experimentation, on the meteorological conditions, on
the material, and so on, and also on the technique instilled by
the coaches and their styles. This is why the most experienced
rower may not necessarily obtain the best performances and
the quality criteria learned in training sometimes hide finer
characteristics, difficult to detect but whose variability and
influence on the sport of rowing can be appreciated thanks
to tools such as the DTW.

VIII. CONCLUSIONS AND FUTURE WORK

Although the proposed implementation is a first-version
prototype, it allows a direct and precise reading of strength and
acceleration for the rower during the rowing training session.
It enables to obtain conclusions about the rowing techniques

Rower 1

)

Strength (N)

—2004

-400

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Time (s)

Fig. 42: Comparison of two strokes of rower 1 with DTW
algorithm.
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Fig. 43: Normalized DTW cost matrix representation for the
stroke comparison.

thanks to an interpretation of the data provided by the IoT row-
ing monitoring system. This interpretation can be automatized,
or it can be performed by a rower or trainer with expertise
on the sport (or even a combination of them). The device
allows the observation of rowing movement at a hundredth of
a second scale, which is difficult for a subjective human eye.
Moreover, this study also proposes a power calculation model
with the IoT device, which provides coherent results and a
direct calculation regardless of the material used (shell oars,
rower). Furthermore, this work brings the use of a load cell
as a low-cost and easy-to-implement strength sensor for the
oar, and the combination of off-the-shelf low-cost technologies
is maximized to provide an easy to integrate system. Some
future directions are related to refine the shape of the device,
reducing its possible impact on rowing sensation (compactness
improvement, and optimizing the size and organization of
the components), as well as considering the use of energy
harvesting techniques based on solar panels to supply power to
the on-board device. Moreover, further investigations regarding
the inclusion of automatic learning algorithms can be explored
to detect hidden features on the rowing movements, so as
to complement the feedback provided by the rowers and
trainers. Therefore, as a next step within the research roadmap,
the application of Al-based analysis can be integrated as a
composite toolchain of the training sessions that is fed by
the IoT system datasets and rowing features. Finally, the
possibility of selecting several profiles will allow customising
and adapting the training session to particular optimization
objectives for the rowers.
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